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In the Next-to-Minimal Supersymmetric Standard Model (NMSSM) with extra heavy neutrino
superfields, neutrino may acquire its mass via a seesaw mechanism and sneutrino may act as a viable
dark matter (DM) candidate. Given the strong tension between the naturalness for Z boson mass
and the DM direct detection experiments for customary neutralino DM candidate, we augment the
NMSSM with Type-I seesaw mechanism, which is the simplest extension of the theory to predict
neutrino mass, and study the scenarios of sneutrino DM. We construct likelihood function with LHC
Higgs data, B-physics measurements, DM relic density and its direct and indirect search limits,
and perform a comprehensive scan over the parameter space of the theory by Nested Sampling
method. We adopt both Bayesian and frequentist statistical quantities to illustrate the favored
parameter space of the scenarios, the DM annihilation mechanism as well as the features of DM-
nucleon scattering. We find that the scenarios are viable over broad parameter regions, especially
the Higgsino mass µ can be below about 250GeV for a significant part of the region, which predicts
Z boson mass in a natural way. We also find that the DM usually co-annihilated with the Higgsinos
to get the measured relic density, and consequently the DM-nucleon scattering rate is naturally
suppressed to coincide with the recent XENON-1T results even for light Higgsinos. Other issues,
such as the LHC search for the Higgsinos, are also addressed.
I. INTRODUCTION
A large number of cosmological and astrophysical ob-
servations have firmly established the existence of non-
baryonic DM [1–4]. Among the possible candidates,
the weakly interactive massive particles (WIMPs) are
most attractive since they naturally lead to right DM
abundance[5, 6]. So far this type of DM candidates are
still compatible with the more and more stringent con-
straints from DM direct and indirect search experiments,
which was recently emphasized in [7].As the most popu-
lar ultraviolet-complete Beyond Standard Model (BSM),
the Minimal Supersymmetric Standard Model (MSSM)
predicts two WIMP-like DM candidates in the form of
sneutrino[8] or neutralino[9] when R-parity is imposed.
For the left-handed sneutrino as the lightest supersym-
metric particle (LSP), its interaction with the Z bo-
son predicts a very small relic abundance relative to its
measured value as well as an unacceptably large DM-
nucleon scattering rate, which was firstly noticed by
T. Falk et. al. [10] after considering the Heidelberg–
Moscow DM direct detection (DD) experiment [11] and
later emphasized in [12]. Consequently, the neutralino
DM as the solely viable WIMP candidate has been inten-
sively studied over the past decades. However, with the
rapid progress in DM DD experiments (such as PandaX-
II[13, 14], LUX[15] and XENON-1T[16, 17]) in recent
years, it was found that the candidate became disfavored
by the experiments [18–20] assuming that it is fully re-
sponsible for the measured DM relic density and that the
Higgsino mass µ is of O(102GeV), which is favored by Z
boson mass. This situation motivates us to consider DM
physics in extended MSSM.
Besides the DM puzzle, the non-vanishing neutrino
mass is another firm evidence on the existence of new
physics[21]. Seesaw mechanism is the most popular
way to generate the mass, and depending on the in-
troduction of heavy neutrino fields, several variants of
this mechanism, such as Type-I[22], -II[23], -III[24] and
Inverse[25, 26] seesaw, have been proposed. Among these
variants, the Type-I mechanism is the most economical
one where only right-handed neutrino field is introduced.
In the simplest supersymmetric realization of this mecha-
nism, namely the MSSM with Type-I mechanism, a pure
right-handed sneutrino LSP[27–29] or a mixed left- and
right-handed sneutrino LSP[12, 30, 31] may act as a vi-
able DM candidate. For the former case, the coupling of
the candidate to ordinary matter is extremely suppressed
either by neutrino Yukawa couplings or by the mass scale
of the right-handed neutrino. As a result, its self- and co-
annihilation cross sections are so tiny that it has to be
non-thermal to avoid an overclosed universe[27, 28]. For
the latter case, a significant chiral mixture of the sneutri-
nos requires an unconventional supersymmetry breaking
mechanism[30]. Furthermore, since the couplings of the
DM candidate with the SM particles are determined by
the mixing, it is difficult to predict simultaneously the
right DM abundance and a suppressed DM-nucleon scat-
tering rate required by the DM DD experiments[32–35]1.
These facts reveal that the DM physics in Type-I MSSM
is also unsatisfactory. This situation is also applied to
the inverse seesaw extension of the MSSM [37].
1 Numerically speaking, the mixing angle should satisfy sin θν˜ ∼
0.02 for mν˜ = 100GeV to predict the right DM relic density
by the Z boson mediated annihilation, which corresponds to the
scattering rate at the order of 10−45cm−2[34]. Such a rate has
been excluded by the latest XENON-1T experiment, which, on
the other side, limits sin θν˜ < 0.01 by the recent calculation
in [35]. Moreover, we find that the correlation between the relic
density and the scattering rate is underestimated in FIG.1 of
[36].
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2The situation may be changed greatly if one embeds
the seesaw mechanism into the NMSSM, which, as one
of most economical extensions of the MSSM, is charac-
terized by predicting one gauge singlet Higgs superfield
Sˆ[38]. It has long been known that the field Sˆ plays an
extraordinary role in the model: solving the µ problem
of the MSSM[38], enhancing the theoretical prediction
about the mass of the SM-like Higgs boson[39–41] as well
as enriching the phenomenology of the NMSSM (see for
example [42–47]). In this context we stress that, in the
seesaw extension of the NMSSM, it is also responsible for
heavy neutrino mass and the annihilation of sneutrino
DM[48–50], and consequently makes the sneutrino DM
compatible with various measurements. The underlying
reason for the capability is that the newly introduced
heavy neutrino fields in the extension are singlets under
the gauge group of the SM model, so they can couple
directly with Sˆ. We also stress that the seesaw exten-
sion is essential not only to generate neutrino mass, but
also to enrich greatly the phenomenology of the NMSSM
given the very strong constraint of the recent DM DD
experiments on neutralino DM in the NMSSM[51].
In our previous work[48], we augmented the NMSSM
with inverse seesaw mechanism by introducing two types
of gauge singlet chiral superfields νˆR and Xˆ, which have
lepton number −1 and 1 respectively, and sketched the
features of sneutrino DM. We found that, due to the as-
signment of the superfield’s charge under the SM gauge
group, the scalar component fields of νˆR, Xˆ and Sˆ com-
pose a secluded DM sector, which can account for the
measured DM relic abundance, and also be testable by
future DM indirect detect experiments and LHC exper-
iments. Since this sector communicates with the SM
sector mainly through the small singlet-doublet Higgs
mixing, the DM-nucleon scattering rate is naturally sup-
pressed, which is consistent with current DM direct
search results. We note that these features should be
applied to the Type-I seesaw extension of the NMSSM
due to the similarities of the two theoretical frameworks
2. We also note that, in comparison with the inverse see-
saw extension, the sneutrino sector in the Type-I seesaw
extension involves less parameters, and thus is easier to
be fully explored in practice. So as a preliminary work
in our series of studies on sneutrino DM in different see-
saw extensions of the NMSSM, we focus on the Type-I
2 Generally speaking, the property of the sneutrino DM in the
Type-I extension differs from that in the inverse seesaw exten-
sion only in two aspects. One is that in the Type-I extension,
the sneutrino DM is a roughly pure right-handed sneutrino state,
while in the inverse seesaw extension, it is a mixture of ν˜L, ν˜R
and X˜ with the last two components being dominated. Con-
sequently, the DM physics in the inverse seesaw extension is
more complex[48–50]. The other is that in both the extensions,
CP-even and CP-odd sneutrino states split in mass due to the
presence of lepton number violating interactions. In the Type-
I extension the splitting may be quite large, while in the other
model, it tends to be smaller than about 1 GeV.
extension, and perform a rather sophisticated scan over
the vast parameter space of the model by Nested Sam-
pling method[52]. The relevant likelihood function is con-
structed from LHC Higgs data, B-physics measurements,
DM relic density and its direct and indirect search limits,
and statistic quantities are used to analyse the scan re-
sults. As far as we know, such an analysis of the Type-I
seesaw extended NMSSM has not been done before, and
new insights about the model are obtained. For exam-
ple, we find that for most samples in the 1σ regions of the
posterior probability distribution function (PDF) on the
plane of the sneutrino DM mass mν˜1 versus the Higgsino
mass µ, the two masses are nearly degenerate. This is
because the singlet Higgs field can mediate the transi-
tion between the DM pair and the Higgsino pair, which
implies that the DM and the Higgsinos can be in ther-
mal equilibrium in early Universe before their freeze-out.
If their mass splitting is less than about 10%, the num-
ber density of the Higgsinos can track that of the DM
during freeze-out, and consequently the Higgsinos played
an important role in determining DM relic density[54]
(in literature such a phenomenon was called coannihila-
tion [55]). As a result, even for very weak couplings of
the DM with SM particles, the DM may still reach the
correct relic density by coannihilating with the Higgsino-
dominated particles. Such a possibility is not discussed
in literatures. We also find that in many cases, the model
does not need fine tuning to be consistent with the DM
DD limits on the DM-nucleon scattering rate. This is a
great advantage of the theory in light of the tightness of
the limits, but it is not emphasized in literatures.
The Type-I extension of the NMSSM was firstly pro-
posed in [56], and its DM physics was sketched in [57, 58].
Since then a lot of works appeared to study the phe-
nomenology of the model[59–68]. For example, the spec-
tral features of the γ-ray from DM annihilations were
investigated in [59, 61, 62, 65, 66], and the Higgs physics
was discussed in [60, 63]. We note that some of these
studies focused on the parameter regions which predict
a relatively large DM-nucleon scattering rate[57, 58].
These regions have now been excluded by the DM DD
experiments, and thus the corresponding results are out
of date. We also note that some other works were based
on multi-component DM assumption, so they used the
upper limit of the DM relic abundance as the criterion
for parameter selection[59, 61, 62, 65]. Obviously, the
conclusions obtained in this way are less definite than
those with single DM candidate assumption. Given the
incompleteness of the research in this field and also the
great improvements of experimental limits on DM prop-
erty in recent years, we are encouraged to carry out a
comprehensive study on the key features of the model in
this work.
This paper is organized as follows. In section II, we
introduce briefly the basics of the NMSSM with Type-I
seesaw extension and the property of the sneutrino DM.
In Section III, we perform a comprehensive scan over the
vast parameter space of the model by considering various
3SF Spin 0 Spin 1
2
Generations (U(1)⊗ SU(2)⊗ SU(3))
qˆ q˜ q 3 ( 1
6
,2,3)
lˆ l˜ l 3 (− 1
2
,2,1)
Hˆd Hd H˜d 1 (− 12 ,2,1)
Hˆu Hu H˜u 1 (
1
2
,2,1)
dˆ d˜∗R d
∗
R 3 (
1
3
,1,3)
uˆ u˜∗R u
∗
R 3 (− 23 ,1,3)
eˆ e˜∗R e
∗
R 3 (1,1,1)
sˆ S S˜ 1 (0,1,1)
νˆ ν˜∗R ν
∗
R 3 (0,1,1)
TABLE I. Field content of the NMSSM with Type-I seesaw mechanism.
experimental measurements, and adopt statistic quanti-
ties to show the favored parameter space, DM annihila-
tion mechanisms as well as the features of DM-nucleon
scattering for the cases that the sneutrino DM is CP-
even and CP-odd respectively. Collider constraints on
sneutrino DM scenarios are discussed in Section IV, and
conclusions are presented in Section V.
II. NMSSM WITH TYPE-I MECHANISM
In this section we first recapitulate the basics of
the NMSSM with Type-I mechanism, including its La-
grangian and Higgs sector, then we concentrate on sneu-
trino sector by analyzing sneutrino mass matrix, the an-
nihilation channels of sneutrino DM and its scattering
with nucleon.
A. The Lagrangian of the Model
As the simplest seesaw extension of the NMSSM, the
NMSSM with Type-I seesaw mechanism introduces three
generations of right-handed neutrino fields to generate
neutrino mass. Consequently, the extension differs from
the NMSSM only in neutrino/sneutrino sector, and the
sneutrino DM as the lightest supersymmetric state in this
sector couples mainly to Higgs bosons. With the field
content presented in Table I, the relevant superpotential
and soft breaking terms are[57, 58]
W = WF + λsˆHˆu · Hˆd + 1
3
κsˆ3 + λ¯ν sˆνˆνˆ + Yν lˆ · Hˆu νˆ,
Lsoft = m
2
Hd
|Hd|2 +m2Hu |Hu|2 +m2S |S|2 + m¯2ν˜ ν˜Rν˜∗R
+(λAλSHu ·Hd + 1
3
κAκS
3 + λ¯νA¯λνSν˜
∗
Rν˜
∗
R
+YνAν ν˜
∗
R l˜Hu + h.c.) + · · · (A.1)
where WF denotes the superpotential of the MSSM with-
out µ term, and a Z3 symmetry is introduced to forbid
the appearance of any dimensional parameters in W . In
above formulae, the coefficients λ and κ parameterize the
interactions among the Higgs fields, Yν and λ¯ν are neu-
trino Yukawa couplings with flavor index omitted, mi
(i = Hu, Hd, · · · ) denote soft breaking masses, and Ai
(i = λ, κ, · · · ) are soft breaking coefficients for trilinear
terms.
B. Higgs sector
Since the soft breaking squared masses m2Hu , m
2
Hd
and m2S are related with the vacuum expectation val-
ues of the fields Hu, Hd and S, 〈Hu〉 = vu/
√
2, 〈Hd〉 =
vd/
√
2 and 〈S〉 = vs/
√
2, by the minimization condi-
tions of the Higgs potential after the electroweak sym-
metry breaking[38], it is conventional to take λ, κ,
tanβ ≡ vu/vd, Aλ, Aκ and µ ≡ λvs/
√
2 as theoret-
ical input parameters in Higgs sector. The elements
of the squared mass matrix for CP-even Higgs fields
in the basis (S1 ≡ cosβRe[H0u] − sinβRe[H0d ], S2 ≡
sinβRe[H0u] + cosβRe[H
0
d ], S3 ≡ Re[S]) are then given
by [41]
M211 =
2µ(λAλ + κµ)
λ sin 2β
+
1
2
(2m2Z − λ2v2) sin2 2β,
M212 = −
1
4
(2m2Z − λ2v2) sin 4β,
M213 = −
√
2(λAλ + 2κµ)v cos 2β,
M222 = m2Z cos2 2β +
1
2
λ2v2 sin2 2β,
M223 =
v√
2
[2λµ− (λAλ + 2κµ) sin 2β] ,
M233 =
λAλ sin 2β
4µ
λv2 +
µ
λ
(κAκ +
4κ2µ
λ
), (B.1)
where S2 represents the SM Higgs field and M222 is its
squared mass at tree level without considering the mixing
among Si. Similarly, the elements for CP-odd Higgs fields
in the basis (A ≡ cosβIm[H0u]− sinβIm[H0d ], Im[S]) are
M2P,11 =
2µ(λAλ + κµ)
λ sin 2β
,
M2P,22 =
(λAλ + 3κµ) sin 2β
4µ
λv2 − 3µ
λ
κAκ,
M2P,12 =
v√
2
(λAλ − 2κµ). (B.2)
4As a result, the model predicts three CP-even Higgs mass
eigenstates hi with i = 1, 2, 3 and two CP-odd mass
eigenstates A1 and A2, which are the mixtures of the real
and imaginary parts of the fields H0u, H
0
d and S, respec-
tively. Throughout this paper, we label these eigenstates
in an ascending mass order, i.e. mh1 < mh2 < mh3 and
mA1 < mA2 .
So far the measurement on the property of the 125GeV
Higgs boson at the LHC indicates that it is quite SM-like,
which restricts the mixing of the S2 field with the other
fields to be small. This implies from the definition of the
S1 and S2 fields that the SM-like Higgs boson is Re[H
0
u]
dominated if tanβ  1, and the heavy neutral doublet
dominated mass eigenstates are mainly composed by H0d
field. In Section III and Appendixes, we will discuss in
detail the implication of the Higgs physics on the input
parameters. We remind that it is also popular to adopt
the basis (Re[H0d ], Re[H
0
u], Re[S]) in studying the prop-
erty of the CP-even Higgs bosons since the couplings of
the basis with SM fermions are simple.
The model also predicts a pair of charged Higgs H±,
H± = cosβH±u + sinβH
±
d , and they are approximately
degenerate in mass with the heavy neutral states. The
LHC search for extra Higgs bosons together with the in-
direct constraints from B-physics have required mH± &
0.8TeV, which is quite similar to MSSM case[69]. These
doublet-like states couple with the sneutrino DM via the
interaction λλ¯νHu ·Hdν˜∗Rν˜∗R + h.c., which is induced by
the F-term of the Lagrangian. In the limit mH± → ∞,
only the SM-like Higgs boson plays a role in DM physics,
but since its interaction with sneutrino pair is propor-
tional to λλ¯νvd, its effect is usually unimportant.
As for the singlet-dominated Higgs bosons, collider
constraints on them are rather weak and consequently
they may be light. These states couple with sneutrino
pair with three or four scalar interaction induced by the
λ¯ν sˆ νˆ νˆ term in the superpotential and its soft break-
ing term. Consequently, they can act as the annihilation
product of the sneutrino DM or mediate the annihilation,
and thus play an important role in DM annihilation.
C. Sneutrino Sector
In the NMSSM with Type-I seesaw extension, the
active neutrino mass matrix is given by mν =
1
2YνvuM
−1Y Tν vu with M =
√
2λ¯νvS denoting the heavy
neutrino mass matrix[56]. Since the mass scale of the
active neutrinos is ∼ 0.1eV, the magnitude of Yν should
be about 10−6 for the scale of M around 100GeV. In
order to reproduce neutrino oscillation data, mν must be
flavor non-diagonal, which can be realized by assuming
that the Yukawa coupling Yν is non-diagonal, while λ¯ν is
diagonal. If one further assumes that the soft breaking
parameters in sneutrino sector, such as ml˜, m¯ν˜ and A¯λν ,
are flavor diagonal, the flavor mixings of sneutrinos are
then extremely suppressed by the off-diagonal elements
of Yν . In this case, it is enough to only consider one gen-
eration case in studying the properties of the sneutrino
DM, which is what we will do. In the following, we use
the symbols λν , Aλν and mν˜ to denote the 33 element of
λ¯ν , A¯λν and m¯ν˜ respectively.
After decomposing sneutrino fields into CP-even and
CP-odd parts:
ν˜L ≡ 1√
2
(ν˜L1 + iν˜L2), ν˜R ≡ 1√
2
(ν˜R1 + iν˜R2), (C.1)
one can write down the sneutrino mass matrix in the
basis (ν˜L1, ν˜R1, ν˜L2, ν˜R2) as follows (C.2)
M2ν˜ =

m2
LL¯
m2LR+m
2
LR¯
+c.c
2 0 i
m2LR−m2LR¯−c.c
2
m2LR+m
2
LR¯
+c.c
2 m
2
RR¯
+m2RR +m
2∗
RR i
m2LR−m2LR¯−c.c
2 i(m
2
RR −m2∗RR)
0 i
m2LR−m2LR¯−c.c
2 m
2
LL¯
−m2LR+m2LR¯+c.c
2
i
m2LR−m2LR¯−c.c
2 i(m
2
RR −m2∗RR) −m
2
LR+m
2
LR¯
+c.c
2 m
2
RR¯
−m2RR −m2∗RR
 (C.2)
where
m2LL¯ ≡ m2l˜ + |Yνvu|2 +
1
8
(g21 + g
2
2)(v
2
d − v2u),
m2LR ≡ Yν (−λvsvd)∗ + YνAYνvu,
m2LR¯ ≡ Yνvu (−λvs)∗ ,
m2RR¯ ≡ m2ν˜ + |2λνvs|2 + |Yνvu|2,
m2RR ≡ λν
(
Aλνvs + (κv
2
s − λvdvu)∗
)
. (C.3)
If all the parameters in the matrix are real, namely there
is no CP violation, the real and imaginary parts of the
sneutrino fields will not mix and the mass term can be
split into two parts
1
2
(ν˜Li, ν˜Ri)
(
m2
LL¯
±m2LR +m2LR¯±m2LR +m2LR¯ m2RR¯ ± 2m2RR
)(
ν˜Li
ν˜Ri
)
,
where i = 1 (i = 2) for CP-even (CP-odd) states, and
the minus signs in the matrix are for the CP-odd states.
From this formula, one can learn that the chiral mix-
ings of the sneutrinos are proportional to Yν , and hence
can be ignored safely. So sneutrino mass eigenstate co-
incides with chiral state. In our study, the sneutrino
DM corresponds to the lightest right-handed sneutrino.
One can also learn that the mass splitting between the
5CP-even and CP-odd right-handed states is given by
∆m2 ≡ m2even −m2odd = 4m2RR, which implies that the
CP-even state ν˜R1 is lighter than the CP-odd state ν˜R2 if
m2RR < 0 and vice versa. This implies that the sneutrino
DM may be either CP-even or CP-odd. In this work, we
consider both the possibilities.
Once the form of the sneutrino DM ν˜1 is given, one
can determine its coupling strength with Higgs bosons.
For example, for a CP-even ν˜1 we have
Cν˜1ν˜1hi =
λλνMW
g
(sinβZi1 + cosβZi2)−[√
2
λ
(
2λ2ν + κλν
)
µ− λνAλν√
2
]
Zi3, (C.4)
Cν˜1ν˜1AmAn = −
1
2
λλν cosβ sinβZ
′
m1Z
′
n1
−(λ2ν − 1
2
λνκ)Z
′
m2Z
′
n2, (C.5)
where Zij with i, j = 1, 2, 3 (Z
′
mn with m,n = 1, 2)
are the elements of the matrix to diagonalize the CP-
even Higgs mass matrix in the basis (Re[H0d ], Re[H
0
u],
Re[S]) (the CP-odd Higgs mass matrix in Eq.(B.2)), and
for a CP-odd ν˜1, its coupling strengthes can be obtained
from the expressions by the substitution λν → −λν . As
is expected, the first coupling is suppressed by a factor
λλν cosβ if hi as the SM-like Higgs boson is Re(H
0
u) dom-
inant, and all the couplings may be moderately large if
the Higgs bosons are singlet dominant.
D. DM Relic density
It is well known that the WIMP’s relic abundance is re-
lated to its thermal averaged annihilation cross section at
the time of freeze-out [9]. In order to obtain the WIMP’s
abundance one should solve following Boltzmann equa-
tion
dY
dT
=
√
pig∗(T )
45
Mp 〈σv〉 (Y 2 − Y 2eq) , (D.1)
where g∗ is the effective number of degrees of freedom at
thermal equilibrium, Mp is the Plank mass, Y and Yeq are
the relic abundance and the thermal equilibrium abun-
dance respectively, and 〈σv〉 is WIMP’s relativistic ther-
mal averaged annihilation cross section with v denoting
the relative velocity between the annihilating particles.
〈σv〉 is related to the particle physics model by[70]
〈σv〉 =
∑
i,j
gigj
∫
(mi+mj)2
ds
√
sK1(
√
s
T
)p2ij
∑
k,l
σij;kl(s)
2T (
∑
i
gim
2
iK2(mi/T ))
2
,
(D.2)
where gi is the number of degrees of freedom, σij;kl is the
cross section for annihilation of a pair of particles with
masses mi and mj into SM particles k and l, pij is the
momentum of incoming particles in their center of mass
frame with squared total energy s, and Ki (i = 1, 2) are
modified Bessel functions.
The present day abundance is obtained by integrating
Eq.(D.1) from T =∞ to T = T0, where T0 is the temper-
ature of the Universe today3. And WIMP relic density
can be written as [70]
Ωh2 = 2.742× 108MWIMP
GeV
Y (T0) . (D.3)
In the NMSSM with Type-I seesaw mechanism, possi-
ble annihilation channels of the sneutrino DM include[57,
58]
(1) ν˜1ν˜1 → V V ∗, V S, ff¯ with V , S and f denoting a
vector boson (W or Z), a Higgs boson and a SM
fermion, respectively. This kind of annihilations
proceed via s-channel exchange of a CP-even Higgs
boson.
(2) ν˜1ν˜1 → SS∗ via s-channel Higgs exchange, t/u-
channel sneutrino exchange, and relevant scalar
quartic couplings.
(3) ν˜1ν˜1 → νRν¯R via s-channel Higgs exchange and
t/u-channel neutralino exchange.
(4) ν˜1ν˜
′
1 → A(∗)i → XY and ν˜′1ν˜′1 → X ′Y ′ with ν˜′1
denoting a right-handed sneutrino with an oppo-
site CP number to that of ν˜1, and X
(′) and Y (′)
denoting any possible light state. These annihila-
tion channels are important in determining the relic
density only when the CP-even and CP-odd states
are nearly degenerate in mass.
(5) ν˜1H˜ → XY and H˜H˜ ′ → X ′Y ′ with H˜ and H˜ ′ be-
ing any Higgsino dominated neutralino or Higgsino
dominated chargino. These annihilation channels
are called coannihilation[54, 55], and they become
important if the mass splitting between Higgsino
and ν˜1 is less than about 10%.
The expressions of σv for some of the channels are pre-
sented in [58]. One can learn from them that the pa-
rameters in sneutrino sector, such as λν , Aν and m
2
ν , as
well as the parameters in Higgs sector are involved in the
annihilations4.
3 Generally speaking, it is accurate enough to integrate the Boltz-
mann equation from T = mDM to T = T0 in getting the DM
abundance [71]. In the code microMEGAs, it actually starts
the integration from the temperature T1 defined by Y (T1) =
1.1Yeq(T1) [72]. This temperature is moderately higher than the
freeze-out temperature Tf ' mDM/25, which is defined by the
equation Y (Tf ) = 2.5Yeq(Tf ) [71].
4 We note that the works [57, 58] failed to consider the annihilation
channels (4) and (5). Especially, the channel (5) is testified to be
most important by our following study. We also note that in cal-
culating σv of the channel ν˜1ν˜1 → AiAj , the authors neglected
the contribution from the t/u-channel sneutrino exchange.
6E. DM Direct detection
Since ν˜1 in this work is a right-handed scalar with
definite CP and lepton numbers, its scattering with nu-
cleon N (N = p, n) proceeds only by exchanging CP-even
Higgs bosons. In the non-relativistic limit, this process is
described by an effective operator Lν˜1N = fN ν˜1ν˜1ψ¯NψN
with the coefficient fN given by [73]
fN = mN
3∑
i=1
Cν˜1ν˜1hiCNNhi
m2hi
(E.1)
= mN
3∑
i=1
Cν˜1ν˜1hi
m2hi
(−g)
2mW
(
Zi2
sinβ
F (N)u +
Zi1
cosβ
F
(N)
d
)
,
(E.2)
where CNNhi denotes the Yukawa coupling of the Higgs
boson hi with nucleon N , and F
(N)
u = f
(N)
u +
4
27f
(N)
G
and F
(N)
d = f
(N)
d + f
(N)
s +
2
27f
(N)
G are nucleon form
factors with f
(N)
q = m
−1
N 〈N |mqqq¯|N〉 (for q = u, d, s)
and f
(N)
G = 1 −
∑
q=u,d,s f
(N)
q . Consequently, the spin-
dependent cross section for the scattering vanishes, and
the spin independent cross section is given by[73]
σSIν˜1−N =
µ2red
4pim2ν˜1
f2N =
4F
(N)2
u µ
2
redm
2
N
pi
(
∑
i
ξi)
2, (E.3)
where µred = mN/(1 +m
2
N/m
2
ν˜1
) is the reduced mass of
the nucleon with mν˜1 , and ξi with i = 1, 2, 3 are defined
by
ξi = − g
8mW
Cν˜1ν˜1hi
m2himν˜1
(
Zi2
sinβ
+
Zi1
cosβ
F
(N)
d
F
(N)
u
)
(E.4)
to facilitate our analysis. Obviously, ξi represents the hi
contribution to the cross section.
In our numerical calculation of the DM-proton scatter-
ing rate σSIν˜1−p, we use the default setting of the package
micrOMEGAs [70, 78, 79] for the nucleon form factors,
σpiN = 34MeV and σ0 = 42MeV, and obtain F
(p)
u ' 0.15
and F
(p)
d ' 0.14 5. In this case, Eq.(E.3) can be approx-
imated by
σSIν˜1−p '
4F
(p)2
u µ
2
redm
2
p
pi
(E.5){
g
8mW
∑
i
[
Cν˜1ν˜1hi
m2himν˜1
(
Zi2
sinβ
+
Zi1
cosβ
)
]}2
.
From this approximation and also the expression of
Cν˜1ν˜1hi in Eq.(C.4), one can get following important fea-
tures about the scatting of the sneutrino DM with nu-
cleon:
5 Note that different choices of the pion-nucleon sigma term σpiN
and σ0 can induce an uncertainty of O(10%) on F (p)u and F (p)d .
For example, if one takes σpiN = 59MeV and σ0 = 57MeV, which
are determined from [74–76] and [77] respectively, F
(p)
u ' 0.16
and F
(p)
d ' 0.13.
• For each of the hi contributions, it depends not only
on the parameters in Higgs sector, but also on the
parameters in sneutrino sector such as λν and Aλν .
This feature lets the theory have a great degree of
freedom to adjust the contribution size so that the
severe cancellation among the contributions can be
easily achieved. By contrast, in the NMSSM with
neutralino as a DM candidate, the contribution de-
pends on, beside the DM mass, only the parameters
in Higgs sector, and consequently it is not easy to
reach the blind spot for DM-nucleon scattering due
to the tight constraints on the Higgs parameters
from LHC experiments[80–83].
• Each of the hi contributions can be suppressed. To
be more specific, the Re(H0d) dominated Higgs is
usually at TeV scale, so its contribution is sup-
pressed by the squared mass; the Re(H0u) domi-
nated scalar corresponds to the SM-like Higgs bo-
son, and its coupling with ν˜1 can be suppressed by
cosβ and/or λν , or by the accidental cancellation
among different terms in Cν˜1ν˜1hi . In most cases,
the contribution from the singlet-dominated scalar
is most important, but such a contribution is obvi-
ously suppressed by the doublet-singlet mixing in
the scalar.
We emphasize that these features make the theory
compatible with the strong constraints from the DM DD
experiments in broad parameter spaces. In order to pa-
rameterize the degree of the cancellation among the con-
tributions, we define the fine tuning quantity ∆FT as
∆FT = max
i
{
ξ2i
(
∑
i ξi)
2
}
. (E.6)
Obviously, ∆FT ∼ 1 is the most ideal case for any DM
theory in predicting an experimentally allowed σSIν˜1−p,
and the larger ∆FT becomes, the more unnatural the
theory is.
III. NUMERICAL RESULTS
In our study of the sneutrino DM scenarios, we utilize
the package SARAH-4.11.0 [84–86] to build the model,
the codes SPheno-4.0.3 [87] and FlavorKit[88] to gener-
ate the particle spectrum and compute low energy flavor
observables, respectively, and the package MicrOMEGAs
4.3.4[70, 78, 79] to calculate DM observables by assuming
that the lightest sneutrino is the sole DM candidate in
the universe. We also consider the bounds from the direct
searches for Higgs bosons at LEP, Tevatron and LHC by
the packages HiggsBounds-5.0.0[89] and HiggsSignal-2.0.0
[90]. Note that in calculating the radiative correction to
the mass spectrum of the Higgs bosons, the code SPheno-
4.0.3 only includes full one- and two-loop effects using
a diagrammatic approach with vanishing external mo-
menta [87]. This leaves an uncertainty less than about
3 GeV for the SM-like Higgs boson mass.
7A. Scan strategy
The previous discussion indicates that only the param-
eters in Higgs and sneutrino sectors are involved in the
DM physics. We perform a sophisticated scan over these
parameters in following ranges:
0 < λ ≤ 0.7, |κ| ≤ 0.7, 0 < λν ≤ 0.7, 1 ≤ tanβ ≤ 60,
|Aλν |, |Aκ| ≤ 1TeV, 100GeV ≤ µ ≤ 300GeV,
0 ≤ mν˜ ≤ 300GeV, |At| ≤ 5TeV, (A.1)
by setting Ab = At and the other less important param-
eters in Table II. All the parameters are defined at the
scale Q = 1TeV. Our interest in the parameter space is
due to following considerations:
• Since the masses of the heavy doublet-dominated
Higgs bosons are usually at TeV scale, which is
favored by direct searches for extra Higgs boson
at the LHC, their effects on the DM physics are
decoupled and thus become less important. We
fix the parameter Aλ, which is closely related
with mH± [38], at 2TeV as an example to sim-
plify the calculation given that the scan is very
time-consuming for our computer clusters. Conse-
quently, we find that the Higgs bosons are heavier
than about 1TeV for almost all samples. We will
discuss the impact of the other choices of Aλ on the
results in Appendices of this work.
• It is well known that the radiative correction from
top/stop and bottom/sbottom loops to the Higgs
mass spectrum plays an important role for SUSY to
coincide with relevant experimental measurements
at the LHC. In our calculation, we include such
an effect by fixing mQ˜3 = mU˜3 = mD˜3 = 2TeV,
setting At = Ab and varying At over a broad re-
gion, |At| ≤ 5TeV. We remind that within the
region, the color and charge symmetries of the the-
ory remain unbroken[91, 92], and the LHC search
for third generation squarks does not impose any
constraints.
• The upper bounds of the parameters λ, κ, λν and
tanβ coincide with the perturbativity of the theory
up to Planck scale[38].
• Because the Higgsino mass µ is directly re-
lated to Z boson mass, naturalness prefers µ ∼
O(102GeV)[38]. So we require 100GeV ≤ µ ≤
300GeV in this work, where the lower bound comes
from the LEP search for chargino and neutralinos,
and the upper bound is imposed by hand. We will
discuss the effect of a wider range of µ on the results
in Appendix B.
• Since the sneutrino DM must be lighter than the
Higgsino, its soft breaking mass mν˜ is therefore up-
per bounded by about 300GeV, and |Aλν | . 1TeV
is favored by naturalness.
• In order to get correct EWSB and meanwhile pre-
dict the masses of the singlet dominated scalars
around 100GeV, |Aκ| can not be excessively large
from naturalness argument (see Appendix A).
• We require the other dimensional parameters, such
as Mi with i = 1, 2, 3 and ml˜, sufficiently large
so that their prediction on sparticle spectrum is
consistent with the results of the direct search for
sparticles at the LHC.
In order to make the conclusions obtained in this work
as complete as possible, we adopt the MultiNest algo-
rithm introduced in [52] in the scan, which is imple-
mented in our code EasyScan HEP[93], with totally more
than 2 × 108 physical samples computed 6. The output
of the scan includes the Bayesian evidence defined by
Z(D|M) ≡
∫
P (D|O(M,Θ))P (Θ|M)
∏
dΘi,
where P (Θ|M) is called prior probability density func-
tion (PDF) for the parameters Θ = (Θ1,Θ2, · · · ) in the
model M , and P (D|O(M,Θ)) ≡ L(Θ) is the likelihood
function for the theoretical predictions on the observ-
ables O confronted with their experimentally measured
values D. Computationally, the evidence is an average
likelihood, and it depends on the priors of the model’s
parameters. For different scenarios in one theory, the
larger Z is, the more readily the corresponding scenario
agrees with the data. The output also includes weighted
and unweighted parameter samples which are subject to
the posterior PDF P (Θ|M,D). This PDF is given by
P (Θ|M,D) = P (D|O(M,Θ))P (Θ|M)
Z
, (A.2)
and it reflects the state of our knowledge about the pa-
rameters Θ given the experimental data D, or alterna-
tively speaking, the updated prior PDF after considering
the impact of the experimental data. This quantity may
be sensitive to the shape of the prior, but the sensitivity
can be counterbalanced by sufficient data and thus lost
in certain conditions [94]. Obviously, one can infer from
the distribution of the samples the underlying physics of
the model.
In the scan, we take flat distribution for all the pa-
rameters in Eq.(A.1)7. We will discuss the influence of
6 To be more specific, we performed five independent scans for
each case mentioned in the text. In each scan, we set the nlive
parameter in MultiNest (which denotes the number of active or
live points used to determine the iso-likelihood contour in each
iteration [52, 53]) at 2000.
7 Dimensional parameters usually span wide ranges, and if one
sets them flat distributed, the efficiency of the scan is not high
in general. Due to this reason, special treatments of such kind
of parameters were frequently adopted in literatures [95, 96]. In
Appendix B of this work, we will show that the prior setting of
simple log distribution for Aκ can overemphasize the low |Aκ| re-
gion in the scan, and consequently deform the shape of posterior
distributions.
8Parameter Value Parameter Value Parameter Value
mq˜ 2TeV × 1 Au,c,d,s 2TeV Aλ 2TeV
ml˜ 0.4TeV × 1 Ae,µ,τ 0.4TeV yν 10−6 × 1
M1 0.4TeV M2 0.8TeV M3 2.4TeV
[λ¯ν ]11,22 0.3 [A¯λν ]11,22 0 [m¯ν˜ ]11,22 0.4TeV
TABLE II. Fixed parameters in the seesaw extension of the NMSSM, where mq˜ for q˜ = Q˜, U˜ , D˜ and ml˜ for l˜ = L˜, E˜ denote
soft masses of squarks and sleptons, respectively, with 1 being unit matrix in flavor space, and Mi with i = 1, 2, 3 are soft
masses for gauginos. Ai with i = u, c, d, s, e, µ, τ are coefficients of soft trilinear terms for a specific flavor, and the other flavor
changing trilinear coefficients are assumed to be zero.
different prior PDFs on our results in Appendix B and
verify that the flat distribution can predict the right pos-
terior distributions. The likelihood function we construct
contains
L(Θ) = LHiggs × LBr(Bs→µ+µ−) × LBr(Bs→Xsγ)
×LΩν˜1 × LDD × LID, (A.3)
where each contribution on the right side of the equation
is given as follows:
• For the likelihood function of the Higgs searches at
colliders, we set
LHiggs = e− 12 (χ2+A2), (A.4)
where χ2 comes from the fit of the theoretical pre-
diction on the property of the SM-like Higgs boson
to relevant LHC data with its value calculated by
the code HiggsSignal [90], and A2 reflects whether
the parameter point is allowed or excluded by the
direct searches for extra Higgs at colliders. In prac-
tice, we take a total (theoretical and experimental)
uncertainty of 3GeV for the SM-like Higgs boson
mass in calculating the χ2 with the package Hig-
gsSignal, and set by the output of the code Higgs-
Bounds [89] either A2 = 0 for the case of experi-
mentally allowed at 95% confidence level (C. L.) or
A2 = 100 for the other cases.
Since the Bayesian evidence for the scenario where
the lightest Higgs boson h1 acts as the SM-like
Higgs boson is much larger than that with the next
lightest Higgs boson h2 as the SM-like Higgs bo-
son [40, 41] (see the discussion at the end of this
work), we focus on the scenario where h1 corre-
sponds to the Higgs boson discovered at the LHC,
and present the results according to the CP prop-
erty of the sneutrino DM ν˜1.
• For the second, third and fourth contributions, i.e.
the likelihood functions about the measurements
of Br(Bs → µ+µ−), Br(Bs → Xsγ) and DM relic
density Ων˜1 , they are Gaussian distributed, i.e.
L = e−
[Oth−Oexp]2
2σ2 , (A.5)
where Oth denotes the theoretical prediction of the
observable O, Oexp represents its experimental cen-
tral value and σ is the total (including both theo-
retical and experimental) uncertainty. We take the
experimental information about the B physics mea-
surements from latest particle data book [97] and
the relic density Ων˜1 from [98].
• For the likelihood function of DM DD experiments
LDD, we take a Gaussian form with a mean value
of zero [99]:
L = e−
σ2
2δ2σ , (A.6)
where σ stands for DM-nucleon scattering rate,
and δσ is evaluated by δ
2
σ = UL
2
σ/1.64
2 + (0.2σ)2
with ULσ denoting the upper limit of the latest
XENON1T results on σ at 90% C. L. [17], and 0.2σ
parameterizing theoretical uncertainties.
• For the likelihood function of DM indirect search
results from drawf galaxies LID, we use the data
of Fermi-LAT collaboration [100], and adopt the
likelihood function proposed in [101, 102].
About the likelihood function in Eq.(A.3), we have
three more explanations. The first is that we do not con-
sider the constraint on line signal of γ-ray from Fermi-
LAT data since it is rather weak [103]. The second is
that we do not include the likelihood function of the
LHC search for Higgsinos since the involved Monte Carlo
simulation is time consuming, and meanwhile the most
favored parameter region satisfy the constraint automat-
ically. We will address this issue in Section IV. And the
last point is that during the scan, one usually encoun-
ters the nonphysical situation where the squared mass of
any scalar particle is negative or ν˜1 is not the LSP. In
this case, we set the likelihood function to be sufficiently
small, e.g. e−100.
Given the posterior PDF and the likelihood function,
one can obtain statistic quantities such as marginal pos-
terior PDF and profile likelihood function (PL). The
marginal posterior PDF for a given set of parameters
(ΘA,ΘB , · · · ) is defined by integrating the posterior PDF
P (Θ|M,D) in Eq.(A.2) over the rest model parame-
ters. For example, the one-dimensional (1D) and two-
dimensional (2D) marginal posterior PDFs are given by
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FIG. 1. One-dimensional marginal posterior PDFs and PLs for the parameters λ, κ, tanβ, Aκ, µ, λν , Aλν and mν˜ respectively.
Credible regions, confidence intervals and other statistic quantities are also presented.
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FIG. 2. Top panels: Two-dimensional marginal posterior PDFs, which are projected on κ− λ, tanβ − λ, and µ− λ planes
respectively. 1σ and 2σ credible regions together with the posterior mean, median and mode are also shown. Bottom panels:
Similar to the top panels, but for two dimensional profile likelihoods. The best fit point as well as 1σ and 2σ confidence intervals
are also plotted.
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P (ΘA|D) =
∫
P (Θ|M,D)dΘ1dΘ2 · · · dΘA−1dΘA+1 · · · · · ·, (A.7)
P (ΘA,ΘB |D) =
∫
P (Θ|M,D)dΘ1dΘ2 · · · dΘA−1dΘA+1 · · · dΘB−1dΘB+1 · · ·.
In practice, these PDFs are calculated by the sum of
weighted samples in a chain with user-defined bins, and
their densities as a function of ΘA and (ΘA,ΘB) respec-
tively reflect the preference of the samples obtained in the
scan. On the other hand, the frequentist PL is defined as
the largest likelihood value in a certain parameter space.
Take the 1D and 2D PLs as an example, we get them by
the procedure
L(ΘA) = max
Θ1,··· ,ΘA−1,ΘA+1,···
L(Θ), (A.8)
L(ΘA,ΘB) = max
Θ1,··· ,ΘA−1,ΘA+1,··· ,ΘB−1,ΘB+1,···
L(Θ).
Obviously, PL reflects the preference of a theory on the
parameter space, and for a given point on ΘA−ΘB plane,
the value of L(ΘA,ΘB) represents the capability of the
point in the theory to account for experimental data by
varying the other parameters. In the following, we dis-
play our results by these quantities. We also use other
statistic quantities, such as 1σ and 2σ credible regions
(CRs) for the marginal PDF, 1σ and 2σ confidence in-
tervals (CIs) for the PL, and posterior mean, median and
mode, to illustrate the features of the sneutrino DM sce-
nario. The definition of these quantities can be found
in the appendix of [104], and we use the package Super-
plot [104] with kernel density estimation to get them.
Note that all the quantities depend on the parameter
space in Eq.(A.1), which is inspired by the physics of the
theory.
B. Favored parameter regions
In this subsection, we discuss the favored parameter
space of the scan for the case that the sneutrino DM is
a CP-even scalar. In FIG.1, we show the 1D marginal
PDFs and PLs for the parameters λ, κ, tanβ, Aκ, µ, At,
λν , Aλν and mν˜ respectively. We also present 2D results
in FIG.2 on κ−λ, tanβ−λ, and µ−λ planes with color
bar representing marginal posterior PDF for the top pan-
els and PL for the bottom panels. The 1σ and 2σ CRs,
the 1σ and 2σ CIs together with the best fit point, pos-
terior means, medians and modes are also shown in these
panels. From FIG.1, one can learn following features:
• The marginal PDF of λ is peaked around 0.2 and
its 1σ CR corresponds to the region 0.15 . λ .
0.37. The underlying reason for this conclusion is
that the parameter λ affects both the mass and
the couplings of the SM-like Higgs boson with the
other SM particles [41]. A large λ tends to enhance
the singlet component in the SM-like Higgs boson
(see the expression of M223 in Eq.(B.1) of Section
II and also the discussion in Appendix A), and is
thus disfavored by the LHC Higgs data8. On the
other hand, a small λ is also tightly limited since
it can enhance the ν˜1ν˜1hi coupling (see Eq.(C.4) in
Section II), and consequently the rate of the DM-
nucleon scattering.
In the second part of Appendix A, we show the
impact of different experimental data on various
marginal PDFs and PLs with the results presented
from FIG.14 and FIG.15 and summarized in Ta-
ble IV. The marginal PDF of λ in FIG.14 reveals
that it is mainly determined by the Higgs and DM
observables, which verifies our conjectures.
• The posterior PDFs of κ and Aκ are maximized
around −0.6 and 200GeV respectively, and the
PDFs show an approximate reflection symmetry.
Since the underlying reason for the behavior is
somewhat complicated, we will discuss it in an elab-
orated way in Appendix A and B.
• A relatively large tanβ, i.e. 10 . tanβ . 38 for 1σ
CR, is preferred by the marginal PDF. This is due
to at least two facts. One is that, since λ is usually
less than about 0.37 so that its contribution to the
squared mass of the SM-like Higgs boson is sub-
dominant, a large tanβ is helpful to enhance the
tree level MSSM prediction of the mass [38]. The
other is that the heavy doublet dominated Higgs
bosons in our model contribute to the process Bs →
µ+µ−, and the effect can be enhanced by a factor
of tan6 β [105]. So a too large tanβ is not favored
by B physics. We note that these two facts are
actually reflected in FIG.14, where we investigate
the effect of various observables on the shape of the
PDF and PL for tanβ.
• A moderately large µ ranging from about 170GeV
to 280GeV for 1σ CR is favored by the posterior
PDF. The reason is twofold. One is that due to
the specific choice of Aλ and the third genera-
tion squark masses, Higgs physics and B physics
observables are insensitive to this parameter, and
consequently µ is evenly distributed in the range
from about 100GeV to 300GeV (We will discuss
this issue in detail in Appendix A, B and C). The
8 In fact, as one can learn from the results in [41], the parameter
space of the NMSSM is rather limited for the large λ case to
predict a SM-like Higgs boson with mass around 125GeV.
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other reason is that since the sneutrino DM tends
to coannihilate with the Higgsinos to get its right
relic density, which requires their mass splitting to
be less than about 10% (see FIG.3 below), a large
µ provides a broader parameter space for the anni-
hilation.
In Appendix C of this work, we will show that any
modification of the scan range in Eq.(A.1) or the
setting of Aλ may alter the marginal PDF of µ,
and in some cases moderately low values of µ are
preferred.
• |At| & 2TeV is preferred to enhance the SM-like
Higgs boson mass by large radiative correction from
stop loops [41]. Meanwhile a positive At is more
favored by B physics since stop-chargino loops can
mediate the transition of bottom quark to strange
quark. These reasons are illustrated in the third
row of FIG.15.
• For each input parameter, the range covered by
the 1σ CR is significantly less than that of the 1σ
CI. This difference is caused by the fact that the
marginal PDF defined in Eq.(A.7) of this section
is determined not only by the likelihood function,
but also by the parameter space. By contrast, the
PL is affected only by the likelihood function.
In practice, one usually encounters the phe-
nomenon that with the increase of the setting nlive
in the MultiNest algorithm, the predicted PLs in-
crease so that they become more or less constants
over the whole scanned parameter range (see for
example the κ ∼ 0 region of the PL in the third
row of FIG.16 in Appendix B). The reason is that,
with a low setting of nlive, the scan is not elabo-
rate enough so that it misses the fine tuning cases
where the theoretical prediction of a ceratin phys-
ical observable approaches to its measured value
by strong cancellation of different contributions or
by other subtle mechanisms. This situation can be
improved by increasing the sampling in the scan9,
but it can not change the fact that the case is rare,
and hence the corresponding posterior PDF is sup-
pressed. In a word, the volume effect usually makes
the marginal PDFs and corresponding PLs quite
different.
FIG.2 shows the correlation of λ with the other pa-
rameters. From this figure, one can see that the 1σ and
2σ CIs on tanβ − λ plane roughly overlap. One reason
for this is that the observables considered in this work,
especially the SM-like Higgs boson mass, are sensitive to
9 Note that for the same reason, the best point in a scan also de-
pends on the setting nlive. In general, the larger nlive one takes,
the more elaborated the scan becomes. Consequently, parameter
points with larger likelihood values may be found.
the two parameters, and so is the likelihood function in
Eq.(A.3) of this section. Consequently, any shift of the
parameters can alter the likelihood value significantly.
One can also see that the 2σ CIs in the figure are usu-
ally isolated. This is because the marginal PDFs in these
regions are relatively small so that fewer samples in the
scan concentrate on the regions. We checked that, with
the increase of the nlive, the regions will be connected
and both the 1σ and 2σ CIs usually expand since the
improved scan can survey more fine tuning cases. In the
second part of Appendix C in this work, we show the
impact of different nlives on the CIs.
Before we end this subsection, we want to emphasize
two points. One is that the posterior PDFs and the PLs
are determined by the total likelihood function, not by
any individual contribution. For a good theory, the opti-
mal parameter space for one component of the likelihood
function should be compatible with those for the other
components of the function so that the Bayesian evidence
of the theory is not suppressed. In Appendix A, we show
the impacts of different experimental measurements on
the distribution of the parameters in Higgs sector. By
comparing the figures presented in this Appendix, one
can learn that the Higgs observables play an important
role in determining most of the results, and the other
observables are concordant in selecting favorable param-
eter space of the Type-I seesaw extension. This implies
that once the mass spectrum in the Higgs sector is de-
termined, one can adjust the parameters in the sneutrino
sector to be consistent with the DM measurements. This
is a simplified way to get good parameter points in the
model. The other is that the posterior marginal PDFs
are affected by the choice of the prior distribution for
the input parameters, and they may be quite different if
one compares the results of two distinct prior PDFs with
insufficient sampling in the scan. In Appendix B, we in-
vestigate the difference induced by the flat distribution
adopted in this work and the log distribution usually used
in the scan by Markov chain method. Our study shows
that although the predictions of the log distribution are
stable with the increase of the setting nlive, the prior dis-
tribution overemphasizes the low |Aκ| and low µ regions,
and thus deforms the shape of the posterior PDFs from
what the underlying physics predicts. By contrast, the
flat distribution is able to predict the right results, but
at the cost of a long time calculation by clusters when
one sets a large nlive.
C. DM annihilation mechanisms
In this subsection, we study the annihilation mecha-
nisms of the CP-even sneutrino DM. For this purpose,
we project the posterior PDF and PL on mA1 − mν˜1 ,
mh2 − mν˜1 and µ − mν˜1 planes in FIG.3, and use the
red dashed lines to denote the cases of mA1 = mν˜1 ,
mh2 = 2mν˜1 and µ = mν˜1 , respectively. We also show
in FIG.4 the distribution of the mass splitting ∆m on
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FIG. 3. Similar to FIG.2, but projected on mA1 −mν˜1 , mh2 −mν˜1 and µ−mν˜1 planes with the red dashed lines corresponding
to the cases of mA1 = mν˜1 , mh2 = 2mν˜1 and µ = mν˜1 , respectively.
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FIG. 4. The distribution of the mass splitting ∆m projected on mν˜1,I −mν˜1 plane, which is split into 70× 70 equal boxes, and
∆m in each box is defined by ∆m ≡ min(|mA1 −mν˜1 −mν˜1,I |) for the samples allocated in the box. Different credible and
confidence boundaries are also plotted for the left and right panel, respectively, with the red dashed lines corresponding to the
case of mν˜1,I = mν˜1 .
mν˜1,I − mν˜1 plane, where we have split the plane into
70× 70 equal boxes (i.e. we divide each dimension of the
plane by 70 equal bins), and define ∆m in each box as
∆m ≡ min(|mA1 − mν˜1 − mν˜1,I |) for the samples allo-
cated in the box. Different CRs and IRs are also plotted
for the left and right panel of this figure, respectively,
with the red dashed lines corresponding to the case of
mν˜1,I = mν˜1 . From these figures, one can learn following
facts:
• For the samples in 1σ CRs, the singlet dominated
A1 and h2 are heavier than about 300GeV.
• A small portion of samples satisfy mA1 . mν˜1 ,
which implies that the DM may annihilate domi-
nantly into A1A1 final state. Since this annihila-
tion channel is mainly a s-wave process, 〈σv〉0 '
〈σv〉FO ' 3 × 10−26cm3s−1 with 〈σv〉0 denoting
current DM annihilation rate and 〈σv〉FO repre-
senting the rate at freeze-out temperature, and con-
sequently the annihilation is tightly limited by the
Fermi-LAT data from drawf galaxies [106]. As was
pointed in our previous work [48], such a constraint
can be avoided by the forbidden annihilation pro-
posed in [55] for mν˜1 . 100GeV10 or simply by
requiring mν˜1 > 100GeV where the constraints be-
come loose [106]. Our results verify this point.
Note that for the case considered here, the sneu-
trino DM and the singlet-dominated A1 compose a
self-contained DM sector, which interacts with the
SM sector only via the small Higgs-doublet compo-
nent of A1, and the corresponding likelihood func-
tion may be quite large, which is shown by the PL
distribution on mA1 −mν˜1 plane. This is a typical
hidden or secluded DM scenario [107].
10 Note that this case is rare since it requires specific kinematics,
i.e. A1 should be slightly heavier than ν˜1.
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FIG. 5. Similar to FIG.2, but projected on ξ2− ξ1 plane (top panel) and on σSIν˜1−p−mν˜1 plane (bottom panel). The red line in
the bottom panels denotes the bound from the latest XENON-1T experiment, and the green line represents the neutrino floor.
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FIG. 6. Upper row: Similar to FIG.2, but projected on Aλν − λν plane. Lower row: The minimum value of the fine tuning
∆FT required to satisfy the 90% upper bound of the XENON1T-2018 experiment on DM-nucleon scattering rate, which are
projected on Aλν − λν plane. The minimum value of ∆FT is obtained in following way: we first split the plane into 70 × 70
equal boxes, then we only consider the samples in each box that satisfy the constraints of the XENON1T-2018 experiment,
and pick out the minimum prediction of ∆FT .
• Quite a few samples predict mh2 ' 2mν˜1 . In this
case, the DM annihilation mainly proceeds via a
s-channel resonant h2 funnel. Note that most sam-
ples in the 1σ CR on the mh2 −mν˜1 plane satisfy
mh2 > 2mν˜1 , which implies 〈σv〉FO > 〈σv〉0 if the
h2-mediated contribution is dominant in the anni-
hilation [55].
• For all samples in the 1σ CR on the µ−mν˜1 plane, µ
and mν˜1 are approximately equal. In this case, the
DM and Higgsinos can be in thermal equilibrium
in early Universe before DM freeze-out due to the
transition between the DM pair and the Higgsino
pair, which is mediated by the singlet-dominated
Higgs bosons. As a result, ν˜1 can reach its correct
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FIG. 7. Same as FIG.1, but for the case that the DM candidate ν˜1 is CP-odd.
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FIG. 8. Similar to FIG.2, but for the case that the DM candidate ν˜1 is CP-odd.
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relic density by coannihilating with the Higgsino-
dominated neutralinos, although its couplings with
the SM particles are tiny. This situation is quite
similar to the sneutrino DM scenario in the inverse
seesaw extension of the NMSSM [48]. Note that a
heavy ν˜1 corresponds to a larger parameter space
for the annihilation, so the posterior PDF is maxi-
mized at µ ' 300GeV. In Appendix C of this work,
we will further discuss the situation of the marginal
PDF for µ > 300GeV case.
• The lightest CP-odd sneutrino ν˜1,I may roughly de-
generate in mass with ν˜1. In this case, ν˜1 can coan-
nihilate with ν˜1,I to reach the right relic density
by exchanging the CP-odd scalar A1. In partic-
ular, the relation mA1 ' mν˜1 + mν˜1,I may hold
when 55GeV ≤ ν˜1 ≤ 190GeV, which means that
the coannihilation is mediated by a resonant A1.
• From the PL distributions in FIG.3 and FIG.4, one
can infer that the DM may also annihilate by a
resonant h1, but the probability of the occurrence
is small.
• We emphasize that these results are based on flat
prior PDF of the input parameters, which has no
bias on these parameters before the scan. If one
focuses on low |Aκ| region, e.g. by choosing a log
prior PDF of |Aκ|, a light A1 becomes preferred,
and consequently more samples below the red line
mA1 = mν˜1 can be obtained. We will discuss this
issue in Appendix B.
In summary, FIG.3 and FIG.4 reveal the fact that the
singlet dominated Higgs boson may either serve as the
DM annihilation product, or mediate the DM annihila-
tions in the Type-I extension of the NMSSM, and con-
sequently, the lightest sneutrino in the theory can act as
a viable DM candidate. This situation is quite different
from the Type-I extension of the MSSM. Moreover, we
note that the ν˜1-Higgsino coannihilation was neglected
in previous studies, but from our study it is actually the
most important annihilation mechanism from both the
marginal PDF and PL distributions.
D. DM-nucleon scattering
In Section II, we have shown by analytic formulae the
natural suppression of the cross section for ν˜1-nucleon
scattering. In this subsection, we present relevant nu-
merical results. In FIG.5, we plot the marginal poste-
rior PDFs and PLs on ξ2 − ξ1 planes (top panels) and
σν˜1−p − mν˜1 planes (bottom panels). The top panels
indicate that the typical magnitudes of ξi (i=1,2) are
10−11GeV−3, and both the CRs and CIs are not sym-
metric under the sign exchange of ξi. Correspondingly,
the cross section for ν˜1-nucleon scattering is usually less
than 10−46cm2 with its marginal PDF maximized around
4× 10−47cm2, and may be as low as 10−49cm2 for a sig-
nificant part of samples (see bottom panels).
From Eq.(C.4) and Eq.(E.5) in Section II and the fa-
vored parameter space in FIG.2, one can learn that the
scattering rate is sensitive to the parameters λν and Aλν ,
so we concentrate on these two parameters in following
discussion. In the upper panels of FIG.6, we show the
posterior PDF and PL on Aλν − λν plane, and in the
lower panels we plot the distribution of the fine tuning
parameter ∆FT defined in Eq.(E.6) of Section II on the
same plane. The upper panels indicate that both the 1σ
posterior PDF and 1σ PL spread a broad region on the
plane, reflecting that the theory can readily accommo-
date the tight constraints of the XENON1T-2018 exper-
iment. The lower panels, on the other hand, show that
the theory does not need any fine tuning to survive the
tight constraints.
In a similar way, one may discuss the physics about
a CP-odd sneutrino DM. The results are presented in
FIG.7 for 1D posterior PDFs and PLs of the input pa-
rameters, and in FIG.8-12 for 2D distributions which are
analogy with FIG.2-6. By comparing each panel for the
CP-odd case with its corresponding one for the CP-even
case, one can learn that the two cases are somewhat simi-
lar except that the former favors positive κ and Aλν and a
negative Aκ, while the latter prefers opposite signs. Such
a difference can be understood from following facts:
• As indicated by the expression of sneutrino mass
in Eq.(C.2) of Section II, positive κ and Aλν can
predict a CP-odd sneutrino state which is lighter
than its corresponding CP-even state.
• From the discussion about the annihilation of the
sneutrino DM, one can learn that its couplings with
the singlet Higgs fields play an important role in de-
termining the favored parameter space. Eq.(C.4)
and Eq.(C.5) of section II show that the couplings
of the CP-odd state are related with those of the
CP-even state by the substitution κ → −κ and
Aλν → −Aλν . Moreover, the analysis in Appendix
A reveals that the Higgs spectrum is invariant un-
der the transformation κ → −κ and Aκ → −Aκ if
Aλ  κvs. These intrinsic relations imply that, as
a rough approximation, the results of the CP-odd
case can be obtained from those of the CP-even
case by the replacement κ → −κ, Aκ → −Aκ and
Aλν → −Aλν , which is justified by our calculation.
• In any case, a negative κAκ is favored by the posi-
tiveness of the squared mass for the CP-odd singlet
field. Related discussions about the parameters κ
and Aκ can be found in Appendix A and B.
Besides, we compute the Bayesian evidence for the CP-
odd case, and find lnZ = −50.12±0.08, which is slightly
larger than lnZ = −50.39 ± 0.06 for the CP-even case.
Since the Jeffreys’ scale defined in [108] is 0.27 and small,
we infer that the data has no significant preference of the
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FIG. 9. Similar to FIG.3, but for the case that the DM candidate ν˜1 is CP-odd.
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FIG. 10. Similar to FIG.4, but for the case that the DM candidate ν˜1 is CP-odd.
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FIG. 11. Similar to FIG.5, but for the case that the DM candidate ν˜1 is CP-odd.
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FIG. 12. Similar to FIG.6, but for the case that the DM candidate ν˜1 is CP-odd.
CP-even Sneutrino DM CP-odd Sneutrino DM
λ 0.28 κ -0.60 λ 0.21 κ -0.37
tanβ 23.7 λν 0.17 tanβ 17.1 λν 0.01
µ 109 GeV Aλν -193 GeV µ 162 GeV Aλν 660 GeV
Aκ 427 GeV At 3133 GeV Aκ 623 GeV At 3688 GeV
mν˜ 206 GeV mν˜1 54.3 GeV mν˜ 166 GeV mν˜1 146.4 GeV
mh1 125.2 GeV mh2 338 GeV mh1 125.1 GeV mh2 398 GeV
mh3 2188.8 GeV mA1 535 GeV mh3 2231.5 GeV mA1 733.0 GeV
mA2 2189.3 GeV mχ˜01
107.6 GeV mA2 2231.8 GeV mχ˜01
159.1 GeV
mχ˜02
-114.6 GeV m
χ˜±1
111.9 GeV mχ˜02
-169.6 GeV m
χ˜±1
165.1 GeV
σSIν˜1−p 1.0× 10−48 cm2 〈σv〉0 7.0× 10−29 cm3s−1 σSIν˜1−p 1.0× 10−49cm2 〈σv〉0 2.4× 10−30 cm3s−1
Ωh2 0.119 χ2 74.5 Ωh2 0.118 χ2 74.6
TABLE III. Detailed information of the best point for the CP-even and CP-odd sneutrino DM cases.
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FIG. 13. The dependence of R ≡ S/SOBS95 on the sneutrino DM mass for the analysis of the 2τ + EmissT signal at 8TeV LHC
(left panel) and at 13TeV LHC (right panel). In the Type-I seesaw extension of the NMSSM, this signal comes from the process
pp → χ˜±1 χ˜∓1 . In getting this figure, we choose mχ˜± = 120GeV, 160GeV, 200GeV, 240GeV as benchmark points, and calculate
the cross sections of the process at next-to-leading order by the code Prospino[127]. We also assume Br(χ˜±1 → ν˜1τ) = 100%.
If the assumption is not satisfied, the R value should be rescaled by the factor Br2(χ˜±1 → ν˜1τ).
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CP-odd case over the CP-even case 11. We also show the
detailed information of the best fit point for the two cases
in Table III. We find that the χ2s of the best points are
roughly equal, χ2min ' 74.6, with most of its contribu-
tion coming from the Higgs sector, which contains 74
observables in the peak-centered method of the package
HiggsSignal [90].
IV. CONSTRAINTS FROM THE LHC
EXPERIMENTS
In supersymmetric theories, moderately light Higgsi-
nos are favored by naturalness. So they are expected
to be copiously produced at the LHC, and the detection
of their signals can significantly limit the theory [36, 68,
110, 111]. In the NMSSM with Type-I seesaw mecha-
nism, the neutral Higgsinos mix with the Singlino, the
fermionic component field of the singlet superfield Sˆ, to
form mass eigenstates called neutralinos. Due to the tini-
ness of the Yukawa coupling Yν , the Higgsino-dominated
neutralinos may have a much stronger coupling with the
ν˜1νR state, which is induced by the λν sˆνˆνˆ term in the
superpotential, than with the ν˜1νL state, which comes
from the Yν lˆ · Hˆuνˆ interaction. The decay product of
the neutralinos is then complicated by the decay chain
χ˜0 → ν˜1νR with νR → W (∗)l, Z(∗)νL, h(∗)νL[112]12. On
the other hand, this situation is simplified greatly for the
Higgsino-dominated chargino, which may decay mainly
by the channel χ˜± → ν˜1τ± if the LSP ν˜1 carries τ fla-
vor, and meanwhile the magnitude of the 33 element in
the matrix Yν is much larger than that of the other el-
ements 13. So in this subsection we investigate the con-
straints of the ATLAS analysis at 8TeV LHC on the
signal of two hadronic τs plus EmissT [115], which arises
from the process pp → χ˜±1 χ˜∓1 → 2τ + EmissT in the
11 Given two scenarios to be compared beside one another, the Jef-
freys’ scale presents a calibrated spectrum of significance for the
relative strength between the Bayesian evidences of the scenar-
ios [108]. For the application of Jeffreys’ scale in particle physics,
see for example [109].
12 If the neutralino decay χ˜0 → ν˜1νR is kinematically forbidden,
χ˜0 has to decay into ν˜1νL assuming no mass splitting among
the Higgsino-dominated particles. In this case, the experimental
constraints on the Mono-jet signal from the neutralino pair pro-
duction is rather weak, which has been shown in our previous
work [48].
13 We remind that although the effect of the neutrino Yukawa cou-
pling Yν on sneutrino mass can be safely neglected, the non-
diagonality of Yν can induce flavor changing decays χ˜
±
1 →
ν˜1e, ν˜1µ, which has been tightly limited by the latest CMS search
for sleptons if the mass splitting between χ˜±1 and ν˜1 is siz-
able [113]. From theoretical point of view, these decays can be
suppressed greatly if the 33 element of Yν is much larger than
the other elements. In practice, one can easily obtain the hierar-
chy structure by adopting the Casas-Ibarra parameterization of
Yν and scanning randomly the angles of the orthogonal matrix
R and the right-handed neutrino masses involved in the param-
eterization [114].
Type-I extension. We note that recently both the AT-
LAS and CMS collaboration updated their analysis on
the 2τ + EmissT signal with the data collected at 13TeV
LHC [113, 116–118]. As a comparison, we also study the
constraints from the renewed ATLAS analysis [116].
In our calculation, we use the simulation tools Mad-
Graph/MadEvent [119, 120] to generate the parton level
events of the processes, Pythia6 [121] for parton frag-
mentation and hadronization, Delphes [122] for fast sim-
ulation of the performance of the ATLAS detector, and
CheckMATE [123–125] to implement the cut selections
of the analysis. The validation on the implementa-
tion of the analysis in CheckMATE was provided in our
work [48, 126].
The procedure to get the constraints is as follows: we
first determine the signal region (SR) with the largest ex-
pected sensitivity for a given parameter point (mν˜1 ,mχ˜±1
)
(see footnote 6 in [48] for more details), then we cal-
culate its R value defined by R ≡ S/SOBS95 , where S
stands for the number of signal events in the SR with
the statistical uncertainty considered and SOBS95 denotes
the observed limit at 95% confidence level for the SR.
Obviously, R represents the capability of the LHC in ex-
ploring the point. R > 1 implies that the point is ex-
cluded, or else it is allowed. In FIG.13, we present our
results of R as a function of mν˜1 for four choices of mχ˜±1
,
mχ˜±1
= 120GeV, 160GeV, 200GeV, 240GeV. The left and
right panels are for 8TeV results and 13TeV results re-
spectively. From the left panel, one can learn that R
increases monotonously with the enlarged mass splitting
∆m ≡ mχ˜±1 −mν˜1 for fixed mχ˜±1 , and R = 1 corresponds
to ∆m = 65GeV, 70GeV, 85GeV, 150GeV, respectively,
for the mχ˜±1
s. The underlying physics is that a large
mass splitting tends to enhance the cut efficiency, and
the number of the signal event S depends on both the
cut efficiency and the production rate σ(pp → χ˜±1 χ˜∓1 ),
which decreases as the chargino becomes heavy [127].
The right panel shows similar features, except that the R
values are significantly smaller than corresponding ones
at 8TeV LHC. This reflects that the analysis at the 8TeV
LHC is more powerful in limiting the model than that at
the 13TeV LHC when mχ˜±1
. 260GeV. The difference
comes from the fact that the updated analysis focuses on
heavy chargino case, which requires more energetic jets
and larger missing energy than the original analysis.
With respect to the results in FIG.13, two points
should be noted. One is that we have assumed Br(χ˜±1 →
ν˜1τ) = 100% in getting the figure. But in practice,
ν˜1 may be either ν˜1,R or ν˜1,I , and the two channels
χ˜±1 → ν˜1,Rτ, ν˜1,Iτ can be kinematically accessible simul-
taneously. Moreover, the chargino may decay first into
χ˜01jj
′/pi± after considering the mass splitting among the
Higgsino-dominated particles[68]. So in case of Br(χ˜±1 →
ν˜1τ) < 1, the R value in FIG.13 should be rescaled by
the factor of Br2(χ˜±1 → ν˜1τ), which can weaken the
constraint. The other is that, from the plots on the
µ − ν˜1 plane in FIG.3 and FIG.9, the mass splitting
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∆m = µ − mν˜1 is of O(10GeV) for most samples. In
this case, the LHC searches for the 2τ signal actually
have no exclusion ability.
V. CONCLUSIONS
Given the strong tension between the naturalness for Z
boson mass and the DD experiments for customary neu-
tralino DM candidate in minimal supersymmetric the-
ories, it is essential to explore the DM physics in any
extension of the MSSM or the NMSSM. In this work,
we augment the NMSSM with Type-I seesaw mecha-
nism, which is the simplest extension to reconcile the
neutrino non-zero masses and neutrinos oscillation ex-
periment, and carry out a comprehensive study on sneu-
trino DM physics. The highlight of the theory is that
the singlet Higgs field plays an important role in various
aspects, including generating the Higgsino mass and the
heavy neutrino masses dynamically, mediating the tran-
sition between the DM pair and Higgsino pair to keep
them in thermal bath in early Universe, acting as DM
annihilation final state or mediating DM annihilations,
as well as contributing to DM-nucleon scattering rate.
Moreover, since sneutrino DM does not interact with SM
particles directly, the scattering of the sneutrino DM with
nucleon can be suppressed in a natural way and by sev-
eral mechanisms so that the tension is alleviated greatly
even after considering the latest XENON1T results. In
order to illustrate these features, we carry out a sophisti-
cated scan over the vast parameter space by Nested Sam-
pling method, and adopt both Bayesian and frequentist
statistical quantities to analyze the favored parameter
space of different scenarios, the DM annihilation mecha-
nism as well as the behavior of the DM-nucleon scatter-
ing confronted with the tight DD constraints. To get the
statistical inference, we construct the likelihood function
by considering Higgs data, B-physics measurements, DM
relic density as well as DM direct detection and indirect
detection limits. We obtain following key conclusions:
(1) The model provides a viable sneutrino DM candi-
date over a broad parameter space. In particular,
moderately light Higgsinos, µ . 250GeV, are al-
lowed for a large portion of the parameter space,
which, as a theoretical advantage, can predict Z
boson mass in a natural way. To the best of our
knowledge, the model may be the minimal frame-
work to accommodate sneutrino as WIMP DM in
supersymmetric theory.
(2) The DM and the singlet-dominated Higgs bosons
can compose a realistic DM sector, which communi-
cates with the SM sector only by the small doublet
component of the bosons. This is a typical feature
of hidden or secluded DM scenario.
(3) In most cases, the DM co-annihilated with the Hig-
gsinos to get its right relic density, which was omit-
ted in previous studies.
(4) The sneutrino DM scenarios can satisfy the tight
constraints from the recent XENON1T experiment
on DM-nucleon scattering without any fine tuning.
(5) The sneutrino DM scenarios can naturally survive
the constraints from the direct searches for elec-
troweakinos with the final state of 2τ+ETmiss signal
at the LHC.
Finally, we have more explanations about this work:
• Throughout our discussion, we do not consider the
scenario that the second lightest CP-even Higgs h2
as the discovered Higgs boson. Compared with this
scenario, the situation for h1 as the SM-like Higgs
boson with a CP-even sneutrino DM is much more
strongly supported by the experimental data. Nu-
merically speaking, we find that the Jeffreys’ scale
is about 6.0 (5.9) for the h2 scenario with a CP-even
sneutrino DM (a CP-odd sneutrino DM). There are
at least two reasons for the suppression of the evi-
dence for the h2 scenario. One is that the param-
eter space to predict mh2 ' 125GeV is relatively
narrow [41]. The other is that a light h1 can en-
hance the scattering of the sneutrino DM with nu-
cleon, and in order to satisfy the constraint from
the XENON-1T experiment, the DM usually anni-
hilated by a resonant h1 or h2 to get its measured
relic density. The tuning to get the right density is
usually more than 100 [128]. Since the h2 scenario
becomes relatively unimportant after considering
the latest XENON-1T experiment, we will present
its features elsewhere.
• Although we have optimized our computer code for
the calculation, it still took us about 0.4 million
core-hours for Intel I9 7900X CPU to finish the
scans. This is challenging for our computer system.
• The conclusions listed above may be applied to the
inverse seesaw extension of the NMSSM proposed
in [48] due to the similarities of the two frameworks,
and a careful study of the model is necessary.
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Appendix A: Impacts of different measurements on
posterior PDFs
In this Appendix, we study the impacts of different ex-
perimental measurements on the marginal PDFs of the
theoretical input parameters in the h1 scenario with DM
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FIG. 14. Impact of different experimental measurements on the PDFs and PLs of the parameters λ, κ and tanβ. The left,
middle and right panels are obtained by the likelihood function from the Higgs data, Higgs + B data and Higgs + B + DM
data introduced in the text respectively with the log prior PDF. To get this figure, we set nlive=2000 for the left and middle
panels, and take the right panel from FIG.1 directly.
being a CP-even sneutrino. We note that in the Type-
I seesaw extended NMSSM, the neutrino and sneutrino
sectors have little effect on the Higgs and B physics ob-
servables considered in the text. So in order to study the
influence of the observables on the parameters, we first
fix m¯ν˜ = 0.4TeV × 1, λ¯ν = 0.3 × 1 and A¯λν = 0 with 1
denoting unit matrix in flavor space, and take the other
unimportant parameters in the NMSSM except Aλ from
Table II, then we explore following parameter space
0 < λ ≤ 0.7, |κ| ≤ 0.7, 1 ≤ tanβ ≤ 60, |Aκ| ≤ 1TeV,
|At| ≤ 5TeV, 0.1TeV ≤ µ ≤ 0.3TeV, (0.1)
by MultiNest algorithm with flat prior PDF for the input
parameters.
1. Preference of Higgs physics on input parameters
In order to get the key features of the parameter space
favored by Higgs data, we take L = LHiggs in the scan,
and adopt a large nlive, nlive = 24000, since the in-
volved calculation is relatively fast and we want to get
the marginal PDFs as precise as possible. We realize that
varying Aλ may be helpful to improve our understanding
on the features, so we choose Aλ = 2TeV, 4TeV, 6TeV
and 10TeV as four benchmark cases in the study. Part
of our results, i.e. the posterior PDFs of the parameters
λ, κ, tanβ, Aκ, µ and At for Aλ = 2TeV, are presented
in some of the right panels in FIG.16-18. From these
results, we have following observations:
1. With Aλ becoming larger, the most favored value
of λ decreases monotonously from about 0.09 for
Aλ = 2TeV to about 0.035 for Aλ = 10TeV. Cor-
respondingly, the most favored value of the prod-
uct λAλ increases from about 180GeV to about
350GeV.
2. The marginal PDF of κ (Aκ) is maximized at κ '
0.6 (Aκ ' −200GeV) for Aλ = 2TeV, 4TeV cases
and κ ' −0.6 (Aκ ' 200GeV) for the other cases,
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FIG. 15. Same as FIG.14, but for the results of the parameters Aκ, µ and At.
and both the PDFs (especially that for κ) exhibit
a rough reflection symmetry (see the right panels
in the third row of FIG.16 and FIG.17).
The product κAκ is always negative. Its distribu-
tion is peaked at κAκ ' −40GeV, and extends to
about −400GeV for 1σ CR. The shape of the dis-
tribution is insensitive to the choice of Aλ.
3. With the increase of Aλ, the most favored value of
tanβ moves upward from about 13 for Aλ = 2TeV
to about 22 for Aλ = 10TeV.
4. For Aλ = 2TeV, the marginal PDF of µ is evenly
distributed in the range from 120GeV to 300GeV
(see the right panel in the first row of FIG.18), but
with the increase of Aλ, the preference of a moder-
ately low µ gradually emerges (see the right panel
of FIG.23).
5. The marginal PDFs of the ratio µ/λ ≡ vs/
√
2 and
|κµ|/λ are peaked at 950GeV and 400GeV respec-
tively for Aλ = 2TeV, and these most favored val-
ues move to 1200GeV and 600GeV respectively for
Aλ = 10TeV. This reflects the general conclusion
that the ratios tend to increase with Aλ.
6. As for the ratio
R23 ≡ (λAλ + 2κµ) sin 2β
2λµ
which parameterizes the degree of cancellation be-
tween different terms in 23 element of the CP-
even Higgs mass matrix (see discussion below), our
results indicate that its marginal PDF is peaked
around 0.4 and its 1σ CR corresponds to 0.2 .
R23 . 1 for Aλ = 2TeV. With the increase of Aλ
to 10TeV, these quantities shift to about 1.8 and
1 . R23 . 4 respectively. Our results also indicate
that a small λ usually allows R23 to deviate from
1 significantly, e.g. R23 > 3 is possible only when
λ . 0.15 for Aλ = 10TeV, which is shown by the
2D marginal PDF on R23−λ plane. We will explain
these behaviors later.
With the definition of R23, one can calculate its
derivatives to the parameters λ, κ, tanβ, µ and
Aλ. The expression of these derivatives indicates
that R23 is very sensitive to tanβ for the favored
values of the parameters given in items 1-4.
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7. The marginal PDF of At is insensitive to Aλ, and
its shape is quite similar to that in FIG.18 for any
benchmark cases of Aλ.
At this stage, we remind that the favored values can be
regarded as the typical size of corresponding quantities.
Given the expressions of Higgs mass matrix presented in
Eq.(B.1) and Eq.(B.2) of Section II, they are helpful to
understand some features of the marginal PDFs. In the
following, we will illustrate this point.
• The facts in item 1, 2 and 3 indicate that
λAλ sin 2β
4µ
 1, (λAλ + 3κµ) sin 2β
4µ
 1.
So one can conclude that
M233 '
µ
λ
(κAκ +
4κ2µ
λ
) ∼ 4κ
2µ2
λ2
,
M2P,22 ' −
3µ
λ
κAκ. (1.1)
Without a strong mixing of the singlet field with the
other fields, the right sides of the approximations
denote the squared masses of the singlet states.
Then the positivity of M2P,22 requires a negative
κAκ. Moreover, from item 2 and 5 one can estimate
that the masses of the singlet dominated scalars are
usually below 1TeV for Aλ = 2TeV.
• The square of the mass scale for the heavy doublet
field,
M2A ≡M2P,11 =
2µ(λAλ + κµ)
λ sin 2β
,
is enhanced by a factor 1/(λ sin 2β). With the in-
crease of Aλ, this factor tends to increase and con-
sequently the doublet scalars become heavier. We
checked that MA & 2TeV (MA & 4.5TeV) in its 1σ
CR for Aλ = 2TeV (Aλ = 10TeV).
• In the decoupling limit of the heavy doublet field,
the effective Higgs potential at electroweak scale
contains only the SM Higgs field and the singlet
field. In the basis (S2, S3), the effective squared
mass matrix is
M2eff =
(M222 M223
M223 M233 − (M213)2/M211
)
when |M212|  |M213|. Then the mixing angle be-
tween the two fields satisfies
tan 2θ ' 2M
2
23
M222 −M233 + (M213)2/(M211)
' −λ
2v [2λµ− (λAλ + 2κµ) sin 2β]
2
√
2κ2µ2
.
if M233  (100GeV)2. This approximation indi-
cates that the mixing angle can be suppressed ei-
ther by a small λ/κ, or by the cancellation between
2λµ and (λAλ + 2κµ) sin 2β if R23 ∼ 1. Such a
suppression is favored by the 125GeV Higgs data
of the LHC. From the results in item 1, 2 and 3 or
5 and 6, one can infer that the mixing is small and
it is very sensitive to tanβ instead of to µ.
Moreover, the natural size of µ can be inferred by
the minimization condition of the Higgs potential
with respect to the field H0u as follows [38]:
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µ ∼ Aλ
tanβ − κ/λ.
In fact, we studied the marginal PDF of the expres-
sion Aλtan β−κ/λ . We found that it is peaked around
300GeV for Aλ = 10TeV, and with Aλ diminishing,
the value usually becomes smaller.
• From the expressions of M223 and (M213)2/M211
in the effective mass matrix, one can learn that
terms proportional to κ appear either in the form
λκv2 sin 2β or in the form κ2µ2v2/M2A, and obvi-
ously all of them are suppressed. As a result, the
Higgs sector is approximately invariant under the
transformation κ → −κ and Aκ → −Aκ [41], and
that is why the marginal posterior PDFs of κ and
Aκ have a rough reflection symmetry.
2. Cumulative effect of various measurements
on final results
In this subsection, we perform two independent scans
over the parameter space with the likelihood function
given by L = LHiggs and L = LHiggs ×LBr(Bs→µ+µ−) ×LBr(Bs→Xsγ) respectively, and compare their predictions
on the marginal PDFs of the input parameters with those
presented in FIG.1.
Our results are presented in FIG.14 and FIG.15 for the
1D marginal posterior PDFs and PLs of the parameter
λ, κ, tanβ, Aκ, µ and At. Since the features of the PDFs
and PLs for the parameters λ, tanβ, µ and At have been
depicted in the text, we in the following concentrate on
those of κ and Aκ. The main conclusions are
• As we mentioned before, the marginal distribution
of κ is roughly symmetric under the substitution
κ → −κ if only the Higgs measurements are con-
sidered. Especially when κ approaches zero from
either direction, the symmetry becomes more and
14 Note that this formula is based on the assumption of µ2 
|m2Hu |,m2Z , and it can be used only in estimating the magni-
tude of µ.
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λ
√
X
√ √
r X
√
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κ
√
X
√ √
r X
√
tanβ
√ √
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√
(for upper end)
√
r
√
(for upper end)
√
(for upper end)
Aκ
√
X
√
X X X
µ X
√
r
√
X X X
At
√ √
(for At < 0)
√
(for At < 0)
√ √
(for At < 0) X
TABLE IV. Dependence of the 1D marginal PDFs and PLs on different experimental measurements for Aλ = 2TeV. The
symbols
√
,
√
r and X represent strong dependence, mildly strong dependence and weak dependence respectively.
more accurate (see the left panel of FIG.14) since
the terms which violate the symmetry are propor-
tional to κ. Similarly, the marginal posterior PDF
of Aκ also exhibits a rough reflection symmetry if
only the Higgs observables are considered (see the
left panel in the first row of FIG.15).
We point out that a moderately large κ can sup-
press the mixing between the SM Higgs field and
the singlet field, which may explain why the κ dis-
tribution is maximized at κ ' 0.6.
• B physics measurements have little impact on the
PDFs and PLs of κ and Aκ. The reason is that the
parameters κ and Aκ mainly affect the property of
the singlet field, whose effects on B → Xsγ and
Bs → µ+µ− are usually negligible.
• The marginal PDFs of κ and Aκ are modified sig-
nificantly by the DM physics, and a negative κ is
now favored (see the right panels in the second row
of FIG.14 and the first row of FIG.15). This can
be understood from the expression of the sneutrino
mass in Section II, which shows that it depends
on the parameter κ, and the CP-even state as the
lightest sneutrino prefers a negative κ.
In Table IV, we summarize the dependence of these
1D marginal PDFs and PLs on different experimental
measurements. This table indicates that all the PDFs
except that of µ are affected greatly by the Higgs data
for Aλ = 2TeV, while the PLs (except that of At) usually
have a weak dependence on the Higgs data.
Appendix B: Impact of different prior PDFs
on posterior PDFs
In this section, we study the difference of the poste-
rior PDFs induced by the choices of the flat prior PDF
adopted in the text and the log prior PDF where λ, κ
and λν are flat distributed and the other input parame-
ters are log distributed. From the discussion in previous
section, we learn that the Higgs data play an important
role in determining most of the posterior PDFs. Noting
that the calculation of the LHiggs is much faster than
that of the total likelihood function in Eq.(A.3) of Sec-
tion III, we first consider the scan in Eq.(0.1) of Appendix
A with L = LHiggs as an example to illustrate the fea-
tures of the difference. We remind that even after the
simplification, the sampling process is still time consum-
ing for our computer clusters when we take a large value
of the nlive, which is needed to test the stability of the
results when more and more samplings are considered.
We then compare the results calculated by the total like-
lihood function with different choices of the prior PDFs
and also with different settings of nlive.
1. Posterior PDFs from different prior PDFs under
Higgs data: a comparative study
This subsection is devoted to explore the difference of
the posterior PDFs obtained by the flat and log prior dis-
tributions. We will show that the log prior PDF overem-
phasizes the region characterized by a low value of |Aκ|
and consequently distorts the marginal PDFs of Aκ and
µ. Except those that we clarify explicitly, all the re-
sults presented in this subsection are based on the scan
in Eq.(0.1) of Appendix A with L = LHiggs.
From FIG.16 to Fig.18, we present the posterior PDFs
of the parameter λ, κ, tanβ, Aκ, µ and At respec-
tively. For each parameter, the three panels in the up-
per row are obtained by the flat prior PDF with nlive =
2000, 6000, 24000 respectively, and those in the lower row
are obtained by the log prior distribution. From these
figures, one can get following conclusions:
• The results obtained by the log distribution are
rather stable when one alters the settings of the
nlive, and by contrast those obtained by the flat
distribution change sizably with the increase of the
nlive.
• The largest difference induced by the two choices
of the prior PDFs comes from the marginal poste-
rior PDFs of Aκ in the third and fourth rows of
FIG.17. Explicitly speaking, the prediction of the
log prior distribution is sharply peaked in low |Aκ|
region, while the prediction of the flat distribution
shows a roughly uniform distribution over a broad
region, and it is moderately unstable for insufficient
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FIG. 16. The marginal PDFs and PLs of the parameters λ (the top two rows) and κ (the last two rows) obtained with the
likelihood function L = LHiggs. The panels in the first and third rows are obtained by the flat prior PDF with nlive = 2000
(left panel), 6000 (middle panel) and 24000 (right panel). The rest panels are obtained in a similar way, but by the log prior
PDF.
samplings, which affects the stability of the other
marginal PDFs with the change of nlive since the
PDFs are correlated. Moreover, with the increase
of nlive, the peak of the Aκ posterior distribution
moves in a slow way to lower |Aκ| region for the
flat prior PDF, which seems to coincide with the
log prediction.
• The marginal posterior PDFs of the parameter µ
shown in the first and second rows of FIG.18 are
also significantly different. For that obtained by
the log prior PDF, a low value of µ is significantly
preferred, and the peak locates at µ ' 120GeV. By
contrast the marginal PDF from the flat prior PDF
is more or less a constant over a broad range of µ,
and with the increase of nlive, it is enhanced in low
µ region.
• Both the prior PDFs predict the peak of the
marginal PDF for tanβ at tanβ ' 13, which is
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FIG. 17. Same as FIG.16, but for the distributions of the parameters tanβ and Aκ.
shown in the first two rows in FIG.17, but for the
region of tanβ > 16, the difference of the marginal
posterior PDFs becomes apparent.
• The λ distributions predicted by the two prior dis-
tributions agree well with each other (see the first
two rows in FIG.16), and so is the At distributions
(see the last two rows in FIG.18). Especially, the
marginal posterior PDFs obtained by the flat PDF
approach steadily to corresponding predictions of
the log prior PDF with the increase of nlive.
• For the marginal PDF of κ shown in the third and
fourth rows of FIG.16, both the prior PDFs can
produce the symmetry mentioned in Appendix A.
Especially the symmetry becomes more accurate in
low |κ| region.
In order to determine which marginal PDF reflects the
right preference of the underlying physics under current
experimental data, we rewrite Eq.(A.7) in Section III as
follows
P (Θ|D) ≡ Z(Θ)/Z × pi(Θ), (1.1)
where pi(Θ) is the prior PDF of the parameter Θ if one as-
sumes that all input parameters are independent in their
prior PDFs, Z(Θ) is the Bayesian evidence for a fixed
Θ and obtained by integrating over the rest parameter
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FIG. 18. Same as FIG.16, but for the distributions of the parameters µ and At.
space, and by contrast Z is the evidence integrated over
the whole parameter space. This formula provides an al-
ternative way to calculate the marginal PDF P (Θ|D) by
following procedures
• First calculate Z(Θ) for a series of Θi;
• Find the largest value of Z(Θ)pi(Θ) among the Θi;
• Normalize all Z(Θi)pi(Θi) to this largest value, and
plot the normalized Z(Θ)pi(Θ) as a function of Θ;
• As a byproduct, one may also get the normalized
Z(Θ) distribution in a similar way.
Since the evidence Z(Θ) can be calculated rather pre-
cisely and meanwhile its uncertainty can be estimated,
the result of this method can serve as a criteria to judge
the quality of the P (Θ|D) obtained in other ways. More-
over, by comparing the shape of the P (Θ|D) obtained
directly by the code MultiNest with that of the Z(Θ)
distribution, one can judge which factor plays the dom-
inant role in deciding the P (Θ|D), the prior PDF of Θ,
Z(Θ), or the both.
In FIG.19, we show the normalized distribution of
Z(Aκ) (left panel) and Z(µ) (right panel). These evi-
dences are obtained by the scan in Eq.(0.1) of Appendix
A with Aκ and µ fixed respectively. They are calcu-
lated by the code MultiNest with a relatively large nlive,
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FIG. 19. Left panel: normalized distribution of Z(Aκ) obtained by the scan in Eq.(0.1) of Appendix A with the parameter
Aκ fixed for each point in the panel. The procedure to get Z(Aκ) is depicted below Eq.(1.1) in Appendix B. The blue points
and red points correspond to the results from the flat prior PDF and log prior PDF, respectively. Right panel: normalized
distribution of Z(µ), which is obtained in a similar way to Z(Aκ).
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FIG. 20. The posterior PDF and PL of Aκ, which are obtained by the flat prior PDF (top panels) and the log prior PDF
(bottom panels) with the total likelihood function given in Eq.(A.3) of Section III. The left panels correspond to the setting
nlive =2000, and the right panels correspond to nlive =6000.
nlive = 6000, and consequently the uncertainty of the
evidences is below 0.1%. Comparing the distributions in
FIG.19 with corresponding results in FIG.17 and FIG.18,
one can conclude that the flat prior PDF predicts rather
precisely the distributions of Aκ and µ, even though they
are moderately unstable with the increase of nlive, while
the log prior PDF overemphasizes low |Aκ| region so that
the two distributions are affected greatly by the prior
PDF.
2. Differences induced by the prior PDFs
in Type-I extended NMSSM
As a supplement to the results in the text, we present
in this subsection the 1D marginal PDFs and PLs of Aκ
and µ obtained from the scan in Eq.(A.1) of Section III
with the log prior PDF for the input parameters and the
total likelihood function in Eq.(A.3). In order to show
the effect of the setting nlive, we carry out two indepen-
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FIG. 21. Same as FIG.20, but for the distribution of µ.
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FIG. 22. Comparison of the marginal posterior PDF on µ−mν˜1 plane obtained by the flat prior PDF (left panel) and the log
prior PDF (right) with the total likelihood function. We have set nlive =6000 to get these panels.
dent scans with nlive =2000 and 6000 respectively. We
also compare the results with those obtained in a similar
way but by the flat prior PDF. The results are shown in
FIG.20 for Aκ and FIG.21 for µ. From these figures, one
can learn that
• For the flat prior PDF, the marginal posterior PDF
of Aκ extends over a broad range without any
strong preference of certain regions, and its rela-
tive size in low |Aκ| region gradually increases with
the increase of nlive. The peak of the µ posterior
distribution locates around 280GeV, and the loca-
tion moves slowly towards to a lower value of µ with
the increase of nlive.
• The marginal posterior PDFs of Aκ and µ from the
log prior PDF are rather stable with the increase of
the setting nlive, and they differ greatly from cor-
responding prediction of the flat prior PDF: the Aκ
distribution is sharply peaked around Aκ = 0 re-
gion, and the µ distribution is maximized at about
160GeV. As we pointed out before, these features
are induced mainly by the log prior distributions of
Aκ and µ.
We also compare the difference of the 2D marginal pos-
terior PDFs on µ−mν˜1 plane, which is the main conclu-
sion of this work, induced by the two prior PDFs with the
setting nlive = 6000. The results are presented in FIG.22.
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FIG. 23. The marginal PDF and PL of the parameter µ obtained by the flat prior PDF, the likelihood function L = LHiggs
and nlive = 24000. The left panel (the right panel) is based on Aλ = 2TeV (Aλ = 10TeV) and the parameter space presented
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FIG. 24. The 1D marginal PDF and PL of the parameter µ (left panel) and 2D marginal PDF on µ − ν˜1 plane (right panel)
obtained by the flat prior PDF, the total likelihood function, and nlive =6000. In getting this figure, we extend the upper
bound of µ in Eq.(A.1) of Section III.A to 1TeV.
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FIG. 25. Distinction of the 2D PLs on κ − λ plane (left panels), tanβ − λ plane (middle panels) and µ −mν˜1 plane (right
panels), which are caused by different settings of nlive for the scan in Section III.A. The top panels correspond to the setting
nlive = 2000, while the bottom panels are the combined result from a scan with nlive=6000 and five independent scans with
nlive=2000 for each scan.
30
From this figure, one can learn that the DM prefers to
co-annihilate with the Higgsinos to get its measured relic
density regardless the choice of the prior PDFs, and the
difference mainly comes from wether a relatively small µ
is favored or not. The fundamental reason of the differ-
ence, as we discussed above, is that the log prior PDF
overemphasizes low |Aκ| region. One can also infer that
the log prior PDF is more likely to predict a light A1 than
the flat PDF so that there are more samples which allow
the channel ν˜1ν˜1 → A1A1 to happen in DM annihilation.
Appendix C: Other related issues
1. Subtleness about the marginal PDF of µ
From the formula of marginal PDF in Eq.(A.7) of Sec-
tion III and also from the discussion in Appendix A, one
can learn that the posterior PDF depends not only on
the parameter space considered in the scan, but also on
the choice of Aλ. Considering that the posterior PDF of
µ is relatively sensitive to these settings among the input
parameters of the theory, we further study its features in
the following by changing the boundary of the space and
the value of Aλ.
We first repeat the scan in Eq.(0.1) of Appendix A with
L = LHiggs and Aλ = 2TeV, but this time we restrict
Aκ within a narrow range −200GeV ≤ Aκ ≤ 200GeV.
This case is more likely to predict a light A1, and thus
enhance the probability of occurrence for the annihilation
ν˜1ν˜1 → A1A1, which is quite similar to the prediction of
the log prior PDF (see the right panel of FIG.22). As a
result, one may expect that a light µ is preferred. This
is verified by the left panel of FIG.23, where we show the
marginal PDF and PL of µ for this case.
Next we reset Aλ to be 10TeV and perform the same
scan as that in Eq.(0.1) of Appendix A with L = LHiggs.
We find the Bayesian evidence for the new Aλ is re-
duced by a factor of e1.37 in comparison with that for
Aλ = 2TeV case. This reflects the fact that Aλ can
change the distribution of the likelihood function L over
the parameter space, especially the theory becomes more
tuned as one increases Aλ to coincide with the Higgs
data. Correspondingly, the posterior distribution of µ
may be altered significantly. The marginal PDF of µ ob-
tained by this new Aλ is presented in the right panel of
FIG.23, where one learns that moderately low values of
µ are also favored.
Finally we investigate how large µ is preferred to re-
main consistent with all the experimental data in Aλ =
2TeV case. For this end, we extend the upper bound of
µ in Eq.(A.1) of Section III to 1TeV, and then perform
same scan as that in Section III.A. In FIG.24, we show
the 1D marginal PDF of µ (left panel) and 2D marginal
PDF on µ − ν˜1 plane (right panel). The left panel indi-
cates that the marginal PDF of µ reaches its peak around
µ ' 300GeV, and then falls rapidly with the increase of
µ. Two reasons may account for this behavior. One
is that although the Higgs data have weak constraints
on the parameter µ, the electroweak symmetry break-
ing disfavors a very large µ, which was discussed in Ap-
pendix A. In fact, we once plotted again the right panel of
FIG.19 by allowing 100GeV ≤ µ ≤ 1000GeV and found
that Z(µ) decreases monotonously when µ exceeds about
350GeV. The other reason is that one of the most im-
portant roles of Higgsinos in the theory is to coannihilate
with sneutrino DM to get its right relic density. Since we
have restricted the upper bound of the DM mass around
300GeV in the scan, there are no strong motivation for
the theory to prefer a large µ. This fact is illustrated in
the right panel of FIG.24.
2. Impact of different nlives on 2D PLs
As a supplementary material, we show the impact of
different settings of nlive on 2D PLs in this section. The
phenomenon caused by the setting and its basic reasons
have been analysed in Section III.B. In FIG.25, we just
show the PLs on κ−λ plane (left panels), tanβ−λ plane
(middle panels) and µ − mν˜1 plane (right panels) in a
comparative way, where the bottom panels are obtained
with a much larger nlive than the top panels.
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